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Abstract 

MgNiTij.,  Mg |  _j.TLNi  and  MgNi[_tTit  (with  x  varying  from  0  to  0.5)  alloys  have  been  prepared  by  high  energy  ball  milling  and  tested  as 
hydrogen  storage  electrodes.  The  initial  discharge  capacities  of  the  Mg-Ni-Ti  ternary  alloys  are  inferior  to  the  MgNi  electrode  capacity. 
However,  an  exception  is  observed  with  MgNi0.95Ti0  0s,  which  has  an  initial  discharge  capacity  of  575  mAh/g  compared  to  522  mAh/g  for  the 
MgNi  electrode.  The  Mg-Ni-Ti  ternary  alloys  show  improved  cycle  life  compared  to  Mg-Ni  binary  alloys  with  the  same  Mg/Ni  atomic  ratio. 
The  best  cycle  life  is  observed  with  Mg0.5Tio5Ni  electrode  which  retains  75%  of  initial  capacity  after  10  cycles  in  comparison  to  39%  for 
MgNi  electrodes,  in  addition  to  improved  high-rate  dischargeability  (HRD).  According  to  the  XPS  analysis,  the  cycle  life  improvement  of  the 
Mgo.5Tio.5Ni  electrode  can  be  related  to  the  formation  of  Ti02  which  limits  Mg(OH)2  formation.  The  anodic  polarization  curve  of 
Mgo.sTio  5Ni  electrode  shows  that  the  current  related  to  the  active/passive  transition  is  much  less  important  and  that  the  passive  region  is  more 
extended  than  for  the  MgNi  electrode  but  the  corrosion  of  the  electrode  is  still  significant.  This  suggests  that  the  cycle  life  improvement  would 
be  also  associated  with  a  decrease  of  the  particle  pulverization  upon  cycling. 

©  2002  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Recently,  several  studies  have  clearly  demonstrated  that 
magnesium-based  alloys,  particularly  nanocrystalline  and 
amorphous  Mg-Ni  type  compounds  prepared  by  mechanical 
alloying,  are  promising  materials  as  a  metal  hydride  (MH) 
electrode  for  Ni-MH  batteries.  For  example,  amorphous 
MgNi  alloy  obtained  after  10  h  of  ball  milling  has  an  initial 
discharge  capacity  of  522  mAh/g  [1]  in  comparison  to  280- 
320  mAh/g  for  commercial  LaNi5-based  alloys.  In  addition, 
such  Mg-based  alloys  do  not  need  an  activation  process 
unlike  the  conventional  AB5-type  and  AB2-type  hydrogen 
storage  materials.  Lastly,  they  possess  the  advantages  of 
very  low  toxicity  and  low  price  (Mg  is  the  sixth  most 
abundant  element  in  the  earth’s  crust).  Nevertheless,  their 
charge/discharge  kinetics  are  not  yet  totally  satisfactory  and 
their  practical  discharge  capacities  have  not  attained  their 
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theoretical  values.  Furthermore,  the  cycle  lifetimes  of  Mg- 
based  electrodes  are  insufficient  from  the  practical  view¬ 
point.  For  example,  the  discharge  capacity  decay  of  MgNi 
electrode  is  over  70%  after  only  20  charge-discharge  cycles 
[1].  Such  degradation,  which  nullifies  the  practical  use  of 
magnesium-based  alloys  as  negative  electrode  materials  for 
Ni-MH  batteries,  must  be  drastically  reduced.  This  is  a 
considerable  scientific  challenge. 

The  capacity  degradation  is  associated  with  the  irreversible 
oxidation  of  the  alloy  by  the  electrolyte  (KOH)  leading  to  the 
formation  of  a  Mg(OH)2  layer  on  the  surface  of  the  alloy 
particles  [2-5].  This  consumes  active  material,  affects  the 
charge  transfer  across  the  alloy/electrolyte  interface  [4]  and 
may  act  as  a  barrier  reducing  hydrogen  diffusion  into  and  from 
the  alloy  bulk.  Such  deleterious  phenomena  are  accentuated  by 
the  pulverization  of  the  alloy  during  charge/discharge  cycles 
which  creates  new  active  surface  and  consequently  forms 
additional  Mg(OH)2  after  contact  with  the  electrolyte. 

A  possible  way  to  decrease  the  capacity  loss  of  Mg-based 
alloys  is  to  adjust  the  composition  of  the  Mg-Ni  alloys  by 
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partial  substitution  of  Mg  and/or  Ni  in  order  to  improve  the 
alloy  oxidation  resistance  in  KOH  electrolyte  and/or  to 
diminish  the  electrode  pulverization  by  decreasing  the  alloy 
expansion  coefficient  following  hydrogen  absorption.  The 
partial  substitution  of  Mg  and/or  Ni  may  have  also  an  effect 
on  the  charge/discharge  capacity  and  kinetics  of  the  elec¬ 
trode  by  modifying  the  metal-hydrogen  interaction  (elec¬ 
tronic  effect),  by  modifying  the  hydrogen-site  size 
(geometric  effect)  and/or  by  the  formation  of  additional 
phases  (synergetic  effect).  Such  a  partial  substitution 
approach  has  been  successfully  used  in  the  case  of  the 
commercial  AB5  alloys,  which  are  multicomponent  systems 
derived  from  LaNi5  alloy  with  a  composition  such  as  (La, 
Ce,  Nd,  Pr)(Ni-Co-Mn-Al)5,  where  the  various  substitu¬ 
tions  for  La  and  Ni  have  greatly  improved  the  electrode 
cycle  lifetime. 

In  the  last  few  years,  several  research  groups  have 
conducted  studies  on  the  effect  of  partial  substitution  on 
the  electrode  performance  of  Mg-Ni-based  hydrogen  sto¬ 
rage  alloys.  The  choice  of  the  substituting  elements  (nature 
and  number),  the  substitution  ratio  as  well  as  the  substi¬ 
tuted  element  (Mg  and/or  Ni)  leads  to  an  infinite  number  of 
possible  combinations.  However  and  in  spite  of  some 
contradictory  studies,  a  few  elements  can  be  identified 
as  promising  for  the  partial  substitution  of  Mg  and/or  Ni 
such  as: 

(i)  Cobalt:  Ovshinsky’s  works  [6,7]  indicate  the  bene¬ 
ficial  effect  of  Co  on  the  cycle  life  of  Mg-Ni-based 
electrodes. 

(ii)  Vanadium:  The  improvement  in  cycle  life  of  MgNi 
alloy  by  partial  substitution  of  Mg  with  V  is  observed 
because  of  the  preferential  oxidization  of  V  or  the 
formation  of  V  oxide  layer  which  reduces  the  rate  of 
the  formation  of  Mg(OH)2  on  the  alloy  surface  during 
the  charge-discharge  cycling  L8,9]. 

(iii)  Aluminum:  Kohno  and  Kanda  demonstrated  that  it  is 
possible  to  improve  the  cycle  life  of  the  electrode  by 
using  Mg!  9Alo.1Ni  rather  than  Mg2Ni  [10]. 

(iv)  Yttrium:  The  partial  substitution  of  Mg  with  Y 
enhances  the  resistance  of  the  alloy  against  corrosion 
in  alkaline  media  and  increases  the  cycle  life  of  the 
alloy  [11], 

(v)  Titanium:  In  the  last  2  years,  some  works  indicate  that 
Ti  is  effective  as  a  partial  substitute  for  Mg  from  MgNi 
and  Mg2Ni  alloys  in  improving  their  cycle  life  [12- 
17].  Up  to  now,  the  best  result  was  obtained  for 
amorphous  Mg0  7Ti0  3Ni  alloy,  which  retains  92%  of 
its  initial  discharge  capacity  of  325  mAh/g  after  20 
cycles  [13].  For  the  same  alloy  composition  and  using 
similar  charge/discharge  conditions,  Zhang  et  al. 
obtained  an  initial  discharge  capacity  of  399  mAh/g 
and  charge  retention  of  74%  after  20  cycles  [15].  The 
cycle  life  improvement  through  the  partial  replace¬ 
ment  of  Mg  with  Ti  may  be  associated  with  the 
formation  of  a  dense  and  protective  titanium  oxide  on 


the  alloy  surface  that  suppresses  further  oxidation  of 
Mg  and  induces  a  Ni  enriched  layer  on  the  alloy 
surface  [13].  In  addition,  a  Mg2Ni  plus  TiNi 
composite  material  synthesized  from  elemental  Mg, 
Ni  and  Ti  powders  by  mechanical  alloying  shows  a 
charge  retention  after  150  cycles  of  55%  while  the 
retention  for  Mg2Ni  is  less  than  10%  [18]. 

Among  the  previous  list  of  substitution  elements,  titanium 
appears  clearly  as  a  key  element  for  improving  the  cycle  life 
of  Mg-Ni  type  hydrogen  storage  electrodes  for  Ni-MH 
batteries.  The  present  work  provides  more  extensive  data 
about  the  influence  of  Ti  on  the  characteristics  of  MgNi  alloy 
used  as  negative  electrode  in  Ni-MH  batteries.  For  that 
purpose,  Ti  addition,  partial  substitution  of  Mg  with  Ti 
and  partial  substitution  of  Ni  with  Ti  have  been  studied 
through  the  compared  analysis  of  MgNiTir,  Mg|  _xTixNi, 
MgNi  |  _ATix  (with  x  varying  from  0  to  0.5)  prepared  by  high 
energy  ball  milling  and  tested  as  hydrogen  storage  electro¬ 
des.  The  results  are  discussed  on  the  basis  of  the  electrode 
performance,  structure,  morphology  and  surface  composi¬ 
tion  of  the  materials. 


2.  Experimental  details 

2.1.  Preparation  of  the  alloys 

Pure  Mg  (99.9%,  chips),  Ni  (99.9%,  325  mesh)  and  Ti 
(99.9%,  325  mesh)  were  used  as  starting  materials.  Samples 
were  prepared  according  to  the  following  stoichiometries: 
MgNiTiv,  Mgl_,Ti,Ni,  MgNi !  _,Ti  t  (with  x  =  0.05,  0.2,  and 
0.5),  MgNi,  Mg2Ni,  MgNi2,  NiTi,  NiTi2  and  Ni3Ti.  The 
desired  composition  mixture  (2.3  g)  is  introduced  in  a 
cylindrical  steel  container  (capacity  55  ml)  with  two 
11  mm  and  one  14  mm  diameter  steel  balls,  corresponding 
to  a  ball-to-powder  mass  ratio  of  10:1.  The  container  is 
sealed  with  an  O-ring  under  argon  atmosphere  in  a  glove 
box.  The  ball  milling  was  performed  for  10  h  using  a 
vibratory  type  mill  (SPEX  8000  Mixer).  Previous  studies 
indicated  that,  in  such  ball  milling  conditions,  contamination 
of  the  samples  by  oxygen,  nitrogen  or  iron  atoms  through  the 
air  introduction  and  the  erosion  of  the  container  and  balls  is 
very  limited  (typically,  less  than  1 .0,  0. 1  and  0.2  wt.%  for  O, 
N  and  Fe,  respectively)  [19]. 

2.2.  Characterization 

X-ray  diffraction  (XRD)  was  performed  on  a  Bruker  D8 
diffractometer  with  Cu  Ka  radiation.  Scanning  electron 
microscopy  (SEM)  observations  were  made  using  a  Jeol 
JSM-6300F  microscope.  X-ray  photoelectron  spectroscopy 
(XPS)  measurements  were  performed  with  a  VG  Escalab 
220I-XL  equipped  with  an  Al  Ka  monochromatic  source. 
The  C  Is  peak  of  the  adsorbed  carbon  at  284.6  eV  was  used 
as  an  internal  reference  to  calibrate  the  peak  position.  The 
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atomic  surface  concentrations  were  estimated  from  the  Ni 
2p,  Mg  2p  and  Ti  2p  peaks  using  a  sensitive  factor  correc¬ 
tion.  The  samples  submitted  to  charge/discharge  cycles  were 
rinsed  with  deionized  water  and  dried  overnight  at  room 
temperature  before  XPS  and  SEM  analyses. 

The  electrochemical  charge/discharge  cycling  tests  were 
performed  on  an  Arbin  BT2000  battery  tester  at  room 
temperature  (23  ±  1  °C)  in  a  6  M  KOH  solution  using  a 
three  electrodes  cell.  The  working  electrode  was  a  com¬ 
pacted  mixture  of  100  mg  of  active  material  and  800  mg  of 
graphite,  plus  20  mg  of  carbon  black.  The  counter  electrode 
was  made  of  a  nickel  wire  and  the  reference  electrode  was 
an  Hg/HgO  electrode  (XR440  from  Radiometer).  The 
electrodes  were  charged  at  —200  mA/g  for  3  h  and  dis¬ 
charged  at  20  mA/g  up  to  —0.4  V  versus  Hg/HgO  electrode. 
Polarization  curves  were  carried  out  at  0.5  mV/s  using  a 
Voltalab40  (Radiometer  Analytical)  potentiostat/galvano- 
stat/FRA  apparatus.  For  these  polarization  tests,  some  pre¬ 
cautions  were  taken  to  avoid  any  anodic  current  related  to 
the  hydrogen  desorption  rather  than  oxides/hydroxides 
formation,  i.e.  no  cathodic  polarization  and  short  immer¬ 
sion  period  (5  min)  in  open  circuit  conditions  were  done 
before  anodic  polarization.  The  working  electrodes  used 
for  linear  polarization  test  and  for  SEM  and  XPS  analysis 
of  cycled  materials  are  constituted  of  1  g  of  pure  active 
material  (no  carbon  added). 

3.  Results  and  discussion 

3.1.  Influence  of  Ti  on  the  alloy  structure 

Fig.  1  represents  the  X-ray  diffraction  patterns  of  the  Mg- 
Ni-Ti,  Mg-Ni  and  Ni-Ti  alloys.  Their  phase  composition  is 
summarized  in  Table  1. 


Table  1 

Structural  characteristic  of  Mg-Ni,  Mg-Ni-Ti  and  Ni-Ti  materials 


Nominal  composition 

End  product  structure3 

MgNi 

a-MgNi 

MgNi2 

a-MgNi2 

Mg2Ni 

n-Mg2Ni 

MgNiTi0.o5 

a-MgNiTi005 

MgNiTio.2 

a-MgNiTio.2 

MgNiTio.5 

a-MgNiTi0.5 

Mgo.95Tio.05Ni 

a-Mgo.95Tio.05Ni 

Mgo.8Tio.2Ni 

n-Mg2Ni  +  n-Ni3Ti 

Mgo.5Tio.5Ni 

(a-MgNi  +  a-NiTi)  or  a-Mgo.5Tio.5Ni 

MgNio.95Tio.05 

a-MgNi  +  n-Mg2Ni  +  n-NiTi  +  n-Ni 

MgNi0.8Ti0.2 

n-Mg2Ni  +  a-NiTi 

MgNio.5Ti0.5 

n-Mg  +  n-Ni  +  n-Ti  +  a-NiTi 

NiTi 

a-NiTi 

NiTi2 

a-NiTi2 

Ni3Ti 

n-Ni3Ti 

Nanocrystalline  phase  (n-);  amorphous  phase  (a-). 


As  shown  in  Fig.  la  corresponding  to  the  MgNiTiA 
system,  a  broad  peak  centered  around  42.5°  is  observed 
for  all  compositions  implying  that  Ti  addition  in  MgNi  alloy 
does  not  modify  significantly  the  amorphization  process.  For 
x  =  0.5,  a  shoulder  is  however  discernable  at  ca.  45°,  which 
may  reflects  the  presence  of  a  second  phase.  These  results 
differ  from  the  study  of  Han  et  al.  that  indicated  the  for¬ 
mation  of  a  composite  alloy  made  of  nanocrystalline  Mg2Ni 
and  TiNi  phases  for  the  MgNiTi0.5  stoichiometry  [18].  One 
must  however  note  that  their  milling  times  were  over  15  h, 
compared  to  10  h  in  the  present  study.  It  was  previously 
shown  that  milling  time  can  have  a  strong  influence  on  the 
crystallization  process  [20]. 

The  XRD  patterns  of  Mgi^TiJMi  (x  =  0,  0.05,  0.2,  0.5) 
compounds  shown  in  Fig.  lb  indicate  that  all  the  alloys  are 
amorphous  except  for  Mgo.8Tio.2Ni  composition  which  is 
constituted  of  a  mixture  of  nanocrystalline  phases.  This  is  in 
contradiction  with  the  observations  of  Zhang  et  al.  [15]  and 
Han  et  al.  [13]  where  they  show  the  formation  of  homo¬ 
geneous  amorphous  Mg, _ATiANi  alloys  (x  =  0.1,  0.2  and 
0.3)  by  mechanical  alloying.  On  the  basis  of  the  XRD 
profiles  of  various  Mg-Ni  and  Ni-Ti  binary  alloys  obtained 
using  the  same  milling  conditions  (see  Fig.  Id  and  e, 
respectively),  one  can  conclude  that,  in  the  present  case, 
the  Mgo.8Tio.2Ni  compound  contains  nanocrystalline  Mg2Ni 
and  Ni3Ti  phases.  On  the  other  hand,  the  mechanically 
alloyed  Mgo.sNi  compound  is  amorphous  (XRD  pattern 
not  shown)  which  tends  to  confirm  that  the  Mgo.8Tio.2Ni 
material  is  depleted  from  Ni  to  form  Mg2Ni  phase  due  to  the 
preferential  formation  of  Ni3Ti  phase.  This  can  be  easily 
explained  by  the  very  strong  affinity  of  Ti  for  Ni  in  compar¬ 
ison  to  its  affinity  for  Mg  as  illustrated  by  the  phase  diagrams 
for  the  Ni-Ti  and  Mg-Ti  systems  [21].  Finally,  the  prefer¬ 
ential  reactivity  of  Ti  for  Ni  illustrated  in  the  case  of 
Mgo.8Tio.2Ni  tends  to  favor  the  hypothesis  that  for 
Mgo.5Tio.5Ni,  the  material  is  constituted  by  a  mixture  of 
a-MgNi  and  a-NiTi  rather  than  a  homogeneous  amorphous 
Mgo.8Tio.5Ni  phase.  However,  this  hypothesis  can  not  be 
confirmed  from  XRD  analysis  because  of  an  overlap 
between  the  XRD  patterns  of  a-NiTi  and  a-MgNi  alloys. 

Fig.  lc  shows  XRD  profiles  of  MgNi  i_xTix  (x  =  0,  0.05, 
0.2,  0.5)  materials.  The  modification  of  the  alloy  structure 
associated  with  the  partial  substitution  of  Ti  for  Ni  is  much 
more  marked  than  for  the  two  previous  cases  of  Ti  addition 
and  Mg  substitution.  For  x  as  low  as  0.05,  partial  crystal¬ 
lization  of  the  alloy  is  reflected  by  the  appearance  of  Mg2Ni 
phase  peaks.  On  must  indicate  that,  with  MgNi ,  _A  com¬ 
pounds,  Mg2Ni  phase  appeared  for  x  >  0.8  (results  not 
shown)  confirming  that  Ti  atoms  accentuates  Ni  depletion 
in  the  Mg-Ni  phase  through  the  preferential  formation  of 
Ni-Ti  phases.  For  x  =  0.2,  the  Mg2Ni  phase  becomes  more 
discernable.  Lastly,  for  x  =  0.5,  the  XRD  pattern  shows 
peaks  related  to  the  Mg,  Ni  and  Ti  elements  which  signifies 
that  the  alloying  process  is  not  yet  completed.  That  is  the 
mechanical  alloying  kinetic  is  influenced  by  the  composition 
of  the  elemental  mixture  as  observed  for  the  Mg-Ni  system 
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O:  Mg;Ni 
X  :  Ni3Ti 
•  :  Mg 
0:  Ti 

7i:  Ni 


Fig.  1 .  X-ray  diffraction  patterns  of  Mg-Ni-Ti,  Mg-Ni  and  Ni-Ti  alloys. 


where  an  increasing  Mg/Ni  ratio  leads  to  an  increasing 
milling  duration  for  alloying  the  elemental  powders  [22]. 

3.2.  Influence  of  Ti  on  the  cycling  dischargeability 

The  cyclic  discharge  behavior  of  the  MgNiTiA, 
Mgx_j.Tij.Ni,  MgNi ,  _ATiA,  Mg-Ni  and  Ni-Ti  alloys  are 
presented  in  Fig.  2.  Their  cycling  capacity  retention  after 
10  cycles  (Cio/Ci)  is  reported  in  Table  2. 

An  important  decay  in  the  initial  capacity  is  observed  when 
inactive  phases  are  formed  (e.g.  Ni3Ti  in  Mgo.8Tio.2Ni)  and 
when  the  compound  is  not  totally  alloyed  (e.g.  MgNio.sTio .5). 


In  contrast,  a  significant  increase  of  the  initial  discharge 
capacity  is  observed  for  MgNi0.95Ti0.05  (Ci  =  575  rnAh/g) 
compared  to  MgNi  electrode  (Ci  =  522  mAh/g).  One  must 
note  that  no  increase  is  measured  with  homogeneous  amor¬ 
phous  MgNio.95  alloy  (result  not  shown).  The  positive  effect 
on  the  initial  discharge  capacity  may  be  associated  to  the 
formation  of  a  multiphase  structure  including  a-MgNi  major 
phase,  a-NiTi  and  n-Mg2Ni  minor  phases  and  some  Ni 
inclusions  as  assumed  from  stmctural  analysis  (see  Fig.  lc). 
This  conclusion  is  supported  by  several  studies  reporting  an 
improvement  of  hydriding/dehydriding  properties  for  various 
multiphase  materials  related  to  the  cooperative  phenomena 
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Table  2 

Cycling  dischargeability  of  the  hydrogen  storage  electrodes 


Alloy  composition 

Ci  (mAh/g) 

C10  (mAh/g) 

Cio/C,  (%) 

MgNi 

522 

206 

39 

MgNi2 

191 

110 

56 

Mg2Ni 

231 

23 

10 

MgNiTio.05 

508 

280 

55 

MgNiTi0.2 

410 

172 

42 

MgNiTio.5 

462 

238 

52 

Mgo.95Tio.05Ni 

531 

327 

62 

Mg0.sTi0.2Ni 

155 

71 

46 

Mgo.5Tio.5Ni 

338 

255 

75 

MgNio.95Tio.05 

575 

264 

46 

MgNio.gTio.2 

519 

213 

41 

MgNi0.5Ti0.5 

141 

79 

56 

NiTi 

80 

105 

131 

NiTi2 

9 

100 

1111 

Ni3Ti 

37 

21 

57 

between  the  different  phases  constituting  nanocomposite 
hydrogen  storage  materials  [23-31].  The  presence  of  a-MgNi 
as  major  phase  is  however  required  to  achieve  high  initial 
electrochemical  capacities.  In  addition,  Ni  inclusions  homo¬ 
geneously  dispersed  in  the  Mg-based  material  could  act  as  an 
electrocatalytic  site  which  may  reduce  the  charge  transfer 
resistance  during  charge/discharge  process,  resulting  in  an 
improvement  of  the  electrode  performance  as  observed  in 
some  Mg-based  [32],  Zr-based  [33]  and  V-based  [34]  hydrogen 
storage  alloys. 

As  shown  in  Table  2,  the  decrease  in  discharge  capacity 
retention  at  10th  cycle  is  56%  for  MgNi2,  39%  for  MgNi  and 
drops  to  10%  for  Mg2Ni  electrode  indicating  that  the 


capacity  decay  of  the  Mg-Ni-based  electrodes  proceeds 
very  fast  with  cycling  and  is  more  pronounced  with  increas¬ 
ing  Mg  proportion.  When  Mg-Ni-Ti  ternary  alloys  are 
compared  to  Mg-Ni  binary  alloys  with  the  same  Mg/Ni 
atomic  ratio,  it  appears  clearly  that  Ti  is  an  effective  element 
for  improving  the  electrode  cycle  life.  The  best  cycle  life  is 
observed  with  Mgo.5Tio.5Ni  electrode  which  retains  75%  of 
initial  capacity  after  10  cycles  and  in  less  extent  with 
Mgo.gsTio.  osNi  electrode  (Cio/Cj  =  62%).  This  confirms 
recent  works  indicating  that  partial  substitution  of  Mg  with 
Ti  in  Mg-based  alloys  improves  substantially  their  cycle  life 
[12-17].  The  fact  that  cycle  life  improvement  is  not 
observed  for  Mg0.8Ti0.2Ni  can  be  explained  by  the  presence 
in  the  material  of  Mg2Ni  phase  which  is  recognized  for 
its  very  poor  cycle  life  as  shown  previously  (C10/C1 
Mg,Ni  =  10%).  Such  results  emphasize  that  it  is  not  only 
the  nominal  alloy  composition  but  also  its  structure  which 
changes  with  the  synthesis  conditions  that  must  be  consid¬ 
ered  as  a  key  factor  to  achieve  high  electrode  cycle  life 
improvement.  This  may  explain  large  differences  and  even 
in  some  cases  contradictory  results  from  different  authors 
testing  materials  with  similar  nominal  composition  but 
having  dissimilar  microstructure,  e.g.  homogeneous  amor¬ 
phous  Mgo.gTio  2Ni  alloy  has  significant  improved  cycling 
life  (Ci  «  410mAh/g,  C\q/C\  «  70%)  [15]  in  contrast  to 
the  present  multiphase  nanocrystalline  Mg0.8Ti0.2Ni  mate¬ 
rial  constituted  of  Mg,Ni  +  N^Ti  phases  (Ci  =  155  mAh/ 
g,  C10/Ci  =  46%). 

3.3.  Influence  of  Ti  on  the  high-rate  dischargeability 

The  initial  discharge  curves  of  Mgo.5Tio.5Ni,  NiTi 
and  MgNi  electrodes  are  presented  in  Fig.  3.  No  evident 


Fig.  3.  Discharge  curves  (first  cycle)  of  MgNi,  NiTi  and  Mgo.5Tio.5Ni  electrodes. 


S.  Ruggeri  et  al./ Journal  of  Power  Sources  112  (2002)  547-556 


553 


discontinuity  characteristic  of  multiphase  hydride  appears  in 
the  discharge  curve  of  Mgo.5Tio.5Ni.  This  seems  to  indicate 
that  Mgo.5Tio.5Ni  material  is  a  mono-phase  compound  rather 
than  a  mixture  of  MgNi  and  TiNi  phases  as  expected 
previously  (see  structural  analysis  section).  However,  the 
hypothesis  of  a  multiphase  system  can  not  be  totally  rejected 
because  a  broadening  of  the  energy  spectrum  of  each  type  of 
H  occupation  site  may  occur  in  ball  milled  composite 
materials  resulting  in  the  disappearance  of  the  discontinu¬ 
ities  of  the  discharge  curve  [26].  This  may  be  reflected  in  the 
steep  character  of  discharge  curve  of  Mg0  5Ti0.5Ni  in  con¬ 
trast  to  MgNi  discharge  curve  where  a  plateau  potential  is 
discernable.  This  illustrates  the  large  range  of  hydrogen-site 
energies  for  Mgo.5Tio.5Ni  material  in  comparison  to  the 
narrow  distribution  of  energy  levels  for  hydrogen-site  in 
MgNi  alloy  related  to  the  restricted  type  of  nearest  metal 
coordination  as  2Mg2Ni  [35].  Additionally,  the  discharge 
potential  for  Mgo.5Tio.5Ni  electrode  is  more  negative  than 
that  for  MgNi  electrode.  This  can  be  related  to  a  decrease  of 
the  hydride  stability  or  an  improvement  of  the  charge- 
transfer  reaction  at  the  surface  of  the  alloy  or  else  to  an 


Table  3 

High-rate  dischargeability  of  the  hydrogen  storage  electrodes 


Alloy  composition 

£,20  mA/g 

(mAh/g) 

,-.200  mA/g 
C1 

(mAh/g) 

^-,200  mA/g  /  ^,20  mA/g 
Cj  /C, 

(%) 

MgNi 

522 

208 

40 

Mgo.5Tio.5Ni 

338 

213 

63 

MmNi3.6Coo.8Mno.35Alo.25a 

305 

228 

75 

Activated  by  15  charge/discharge  cycles. 


increase  of  the  hydrogen  diffusivity  in  the  material  that  can 
have  a  positive  influence  on  the  electrode  dischargeability. 
This  is  confirmed  by  the  high-rate  dischargeability  (HRD) 
measurement  denoted  by  the  C^oomA/g/C^OmA/g  ratj0  (see 
Table  3),  in  which  (y2()0mA/g  an(j  ^20mA/g  arg  ^ 
discharge  capacity  measured  at  the  current  density  of 
200  mA/g  and  20  mA/g,  respectively.  From  Table  2,  one 
can  note  that  the  HRD  is  improved  by  Mg  substitution  with 
Ti  (C200mA/g/c20mA/g  =  63%  ^  4Q%  for  Mgo.5Tlo.5Ni 

and  MgNi,  respectively)  but  is  still  inferior  to  the  HRD 


Fig.  4.  (a)  SEM  image  and  (b)  XRD  pattern  of  MgNi  electrode  after  one  charge/discharge  cycle. 
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of  commercial  LaNi5-based  metal  hydride  (C200mA/g/ 

C20mA/g  =  15%y 

3.4.  Influence  of  Ti  on  electrode  corrosion  resistance 

As  shown  in  Fig.  4a,  SEM  observation  of  the  MgNi 
electrode  after  one  charge/discharge  cycle  reveals  the  for¬ 
mation  of  hexagonal  platelets  characteristic  of  Mg(OH)2 
onto  the  alloy  particles.  The  appearance  of  new  diffraction 
peaks  on  the  XRD  pattern  of  cycled  MgNi  electrode  (see 
Fig.  4b)  confirms  the  partial  decomposition  of  MgNi  into 
Mg(OH)2  and  Ni  upon  cycling.  These  observations  agree 
with  that  of  other  authors  [3,5].  In  comparison,  SEM  micro¬ 
graph  of  Mgo.5Tio.5Ni  electrode  shows  after  17  cycles  a 
filamentous  structure  onto  particles  (see  Fig.  5a).  No  new 
phase  is  clearly  discernable  from  XRD  analysis  of  cycled 
Mgo.5Tio.5Ni  electrode  as  shown  in  Fig.  5b. 

XPS  analysis  was  performed  before  and  after  cycling  in 
order  to  identify  the  filamentous  compound  formed  on 
Mgo.5Tio.5Ni  particles  upon  cycle.  Our  results  are  listed  in 
Table  4.  At  first,  one  must  note  that  the  surface  composition 
of  the  alloy  before  cycling  is  far  from  its  nominal  composi¬ 
tion  (i.e.  Mg33Ti58Ni9  in  comparison  to  the  expected 
Mg25Ti25Ni5o  stoichiometry).  This  may  be  related  to  a 
chemical  segregation  through  the  preferential  oxidation  of 
Mg  and  Ti  atoms  when  particles  are  in  contact  with  air  in 
contrast  to  Ni  atoms  which  remains  in  metallic  state  as 
established  from  XPS  analysis.  After  cycling,  titanium 
enrichment  onto  Mgo.5Tio.5Ni  particles  is  clearly  observable 
(increase  from  58  to  72  at.%).  This  is  accompanied  by  a 
decrease  of  the  Mg  and  Ni  surface  concentrations  from  33  to 
22  at.%  and  from  9  to  6  at.%,  respectively.  The  Ti  2p3/2  and 
Ti  2p1/2  peaks  located  at  460.1  and  465.8  eV,  respectively, 
are  assigned  to  Ti02  [36].  The  formation  of  Ni(OH)2  and 
Mg(OH)2  upon  cycling  is  also  established. 

As  suggested  by  several  authors  [13,17],  Ti02  layer 
formed  at  the  surface  of  the  Mg-Ni-Ti  particles  may  act 
as  a  passive  film  preventing  further  oxidation  of  Mg  into 
Mg(OH)2  and  consequently,  improves  the  electrode  cycle 
life.  In  order  to  confirm  this  issue,  anodic  polarization  curves 
for  uncharged  MgNi  and  Mg0 .5Ti0.5Ni  electrodes  and  for 
pure  Mg  powder  were  performed  from  open  circuit  potential 
to  1.0  V  versus  Hg/HgO  as  shown  in  Fig.  6.  For  MgNi 


(a) 


Fig.  5.  (a)  SEM  image  and  (b)  XRD  pattern  of  Mgo.5Tio.5Ni  electrode  after 
17  charge/discharge  cycles. 

electrode,  a  large  active/passive  transition  from  —0.87  to 
0.5  V  versus  Hg/HgO  followed  by  a  narrow  passive  region 
from  0.5  to  0.7  V  versus  Hg/HgO  with  a  relatively  high 
passive  current  density  of  about  14  mA/g.  Oxygen  evolution 
is  observed  from  0.7  V  versus  Hg/HgO  with  possible  con¬ 
comitant  rupture  of  the  pseudopassive  film  in  connection 
with  the  oscillation  of  the  current  from  0.8  V  versus  Hg/ 
HgO.  These  observations  illustrate  the  low  resistance  of  the 
MgNi  electrode  to  corrosion  in  6  M  KOH  solution.  The 


Table  4 

Surface  composition  from  XPS  analysis  of  Mg0  5Ti0.5Ni  electrode  before  and  after  17  charge/discharge  cycles 


Element/transition 

Before  cycling 

After  cycling 

Peak  energy  (eV)/assignment 

Concentration  (at.%)a 

Peak  energy  (eV)/assignment 

Concentration  (at.%)a 

Mg  2p 

49.5 

33 

49.0 

22 

MgO, 

Mg(OH)2 

Ni  2p3/2 

851.6 

9 

857.1 

6 

Ni 

Ni(OH)2 

Ti  2p3/2,  2pi/2 

458.0^163.7 

58 

460.1^165.8 

72 

TiO  or  Ti203 

Ti02 

a  The  (Mg  +  Ni  +  Ti)  concentration  is  normalized  to  1,  i.e.  oxygen  is  not  considered  in  the  calculation. 
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Fig.  6.  Anodic  polarization  curves  of  MgNi  and  Mg0  5Ti0.5Ni  electrodes  in 
KOH  6  M  at  scan  rate  =  0.5  mV/s. 


anodic  polarization  curve  of  Mgo.5Tio.5Ni  electrode  shows 
that  the  current  related  to  the  active/passive  transition  is 
much  less  important  and  the  passive  region  is  more  extended 
than  for  MgNi  electrode.  Furthermore,  anodic  current  is 
observed  from  ca.  —0.77  V  versus  Hg/HgO  in  comparison  to 
—0.87  V  for  MgNi  electrode,  reflecting  a  more  noble  corro¬ 
sion  potential.  Such  results  confirm  the  positive  influence  of 
Ti  on  the  electrode  corrosion  resistance.  Flowever,  one  must 
note  that  the  corrosion  of  the  electrode  is  still  significant  in 
the  charge/discharge  potential  range.  This  may  be  associated 
to  the  relatively  high  permeability  of  the  magnesium  hydro¬ 
xide  film  formed  at  the  surface  of  the  alloy  particles.  The 
heterogeneously  character  of  the  alloy  surface  through  the 
presence  of  Ni  and  Ti  oxide  inclusions  may  prevent  the 
formation  of  a  stable  and  uniform  protective  film  of 
Mg(OH)2  observed  onto  pure  Mg  powder  as  illustrated  in 
Fig.  6  where  the  anodic  polarization  curve  of  Mg  powder 
shows  an  immediate  passivation  in  the  anodic  region  with  no 
active/passive  transition  and  with  a  passive  current  as  low  as 
0.3  mA/g. 

In  other  hand,  it  is  well  known  that  metal  hydride  powder 
cracks  upon  cycling  due  to  the  expansion  and  contraction  of 
the  lattice  cell  with  hydrogen  absorption/desorption  process. 
The  fresh  alloy/electrolyte  interface  produced  by  this  way  is 
oxidized  promptly  with  electrolyte  and  consequently,  elec¬ 
trode  degradation  is  accentuated.  So,  the  positive  influence 
of  Ti  on  the  Mgo.5Tio.5Ni  electrode  cycle  life  could  be  also 
associated  with  a  decrease  of  the  particle  pulverization  upon 
cycling.  In  order  to  confirm  this  issue,  compared  quantifica¬ 
tion  of  the  electrode  pulverization  was  performed  through 
BET  surface  area  measurements  of  the  MgNi  and 
Mgo.5Tio.5Ni  powders  before  and  after  cycling.  However, 
our  measurements  are  altered  by  the  presence  of  hydroxides/ 
oxides  at  the  surface  of  the  powder  after  cycling  which 
increases  drastically  the  effective  powder  surface  and  con¬ 
sequently,  pulverization  quantification  was  impossible.  In 
parallel,  hydrogen  absorption/desorption  cycles  were  per¬ 


formed  in  gas  phase  using  a  Sievert’s  apparatus  but  the  high 
temperature  (300  °C)  required  to  desorb  hydrogen  from  the 
alloys  led  to  their  crystallization  and  consequently,  the 
subsequent  BET  surface  area  measurements  were  also 
altered.  Thus,  our  investigations  did  not  permit  until  now 
to  obtain  valid  quantification  of  the  pulverization  of  MgNi 
and  Mgo.5Tio.5Ni  electrodes.  Additional  studies  are  in  pro¬ 
gress  to  clarify  this  issue  by  quantifying  the  alloy  expansion 
followed  hydrogen  absorption. 

4.  Conclusions 

The  electrode  characteristics  of  Mg-Ni-Ti  hydrogen 
storage  alloys  have  been  studied  with  various  titanium 
contents.  The  major  results  are  summarized  as  follows: 

1 .  A  significant  increase  of  the  initial  discharge  capacity  is 
observed  for  MgNio.95Tio.05  (Cj  =  575  mAh/g)  com¬ 
pared  to  MgNi  electrode  ( C\  =  522  mAh/g).  This 
positive  effect  on  the  initial  discharge  capacity  may  be 
associated  with  the  formation  of  a  multiphase  structure. 

2.  The  comparison  of  the  Mg-Ni-Ti  ternary  alloys  to  the 
Mg-Ni  binary  alloys  with  the  same  Mg/Ni  atomic  ratio 
shows  clearly  that  Ti  is  an  effective  element  for 
improving  the  electrode  cycle  life.  The  alloy  structure 
variation  with  the  ball  milling  parameters  is  also  a  key 
factor  in  order  to  achieve  high  electrode  cycle  life 
improvement.  This  can  explain  the  contradictory  results 
from  materials  having  similar  nominal  composition  but 
dissimilar  structure. 

3.  The  best  compromise  between  initial  discharge  capacity 
and  cycle  life  is  observed  with  Mgo.5Tio.5Ni  electrode 
where  the  initial  discharge  capacity  is  equal  to 
338  mAh/g  and  the  capacity  retention  after  10  cycles 
is  75%  in  comparison  to  39%  for  MgNi  electrode.  In 
addition,  its  high-rate  dischargeability  is  improved: 
CjOOmA/g/CjOmA/g  equals  63%  for  Mgo.5Ti05Ni  in 
comparison  to  40%  for  MgNi. 

4.  The  cycle  life  improvement  of  the  Mgo.5Tio.5Ni 
electrode  seems  to  be  related  to  the  formation  of  Ti02 
onto  the  particles  which  limits  Mg(OH)2  formation. 
However,  the  corrosion  of  the  electrode  is  still 
significant. 
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